This study proposes a new comprehensive evaluation method with principal component reduction and catastrophe progression method, considering the complexity, hierarchy, contradiction, and relevance of the factors in sortie generation of carrier aircrafts. First of all, the index system of sortie generation capacity is ascertained, which contains correlative indexes. The principal component reduction method is applied to transform the correlative indexes into independent indexes. This method eliminates the effect of correlativity among indexes. The principal components are determined with their contributions. Then the reduced principal components are evaluated in catastrophe progression method. This method is easy to realize without weights, which is more objective. In fact, catastrophe progression method is a multidimensional fuzzy membership function, which is suitable for the incompatible multiobjective evaluation. Thus, a two-level evaluation method for sortie generation capacity of carrier aircrafts is realized with principal component reduction and catastrophe progression method. Finally, the Surge operation of aircraft carrier "Nimitz" is taken as an example to evaluate the sortie generation capacity. The results of the proposed method are compared with those of Analytic Hierarchy Process, which verify the usefulness and reliability of the proposed method.
Introduction
Aircraft carrier is the important part in the modern naval warfare. The research on the warfare capacity of aircraft carrier has become a hot issue with the increasing attention of the security in the territorial sea [1] [2] [3] . The comparison of sortie generation capacity of aircraft carrier in different operational schemes is helpful to determine the final plan [4] [5] [6] [7] . Therefore, the evaluation for sortie generation capacity of aircraft carrier has important theoretical significance and application value.
The sortie generation capacity of aircraft carrier is mostly evaluated by Analytic Hierarchical Process (AHP) at present. The evaluation results are obtained by subjective scores of experts. Reference [8] studied the application of AHP in the measurement process. Reference [9] evaluated the original purchase process with AHP. Reference [10] developed an evaluation tool for the information sharing of supply chain using AHP. Reference [11] discussed the application of AHP in the process of risk assessment. An improved AHP in [12] was used in the priority scheduling problems. Reference [13] researched the application of AHP in business management. Reference [14] proposed the combination of fuzzy theory and AHP and discussed the consistency problem of the evaluation method. Reference [15] pointed out the shortcomings and improvements of AHP. Reference [16] studied the evaluation process of comprehensive method of fuzzy AHP. Reference [17] solved mining selection problem based on AHP and fuzzy mathematics. However, these evaluation methods are one-sided and subjective, which ignore the correlation and contradiction of indexes. AHP is difficult to evaluate the multivariate evaluation objects objectively [18] [19] [20] [21] [22] [23] [24] [25] [26] .
A new evaluation method of principal component reduction (PCR) and catastrophe progression method (CPM) is proposed to evaluate the sortie generation capacity of carrier aircrafts in this study. The proposed method can avoid the subjectivity and complexity in the traditional evaluation method. The main contents are as follows. Firstly, the hierarchy structure of index system for sortie generation capacity is determined. Secondly, the related indexes are transformed to independent principal components by PCR. Then, independent principal components are evaluated by CPM. Finally, the usefulness and reliability of the new method are verified by comparing with the traditional evaluation method.
Index System for Sortie Generation Capacity of Carrier Aircrafts
The index system for sortie generation capacity of carrier aircrafts is established with related research results. A threelevel index system with complexity, hierarchy, contradiction, and relevance is established by recursive hierarchy method. The index system for sortie generation capacity of carrier aircrafts is shown in Figure 1 . These indexes are defined as follows.
(1) Emergency sortie generation rate (ESGR): it is the maximum number of ready aircrafts taking off in a few minutes.
(2) Surge sortie generation rate (SSGR): it is the average number of aircrafts per day in the Surge operation (4 days).
(3) Last sortie generation rate (LSGR): it is the average number of aircrafts per day in the continuous operation (30 days).
(4) Performing tasks proportion (PTP): it is the time proportion that the aircrafts can carry out one task at least under a certain flight plan and logistics condition.
(5) Missing tasks proportion waiting for parts (MTPWP): it is the proportion of aircrafts missing the tasks due to waiting for parts.
(6) Missing tasks proportion waiting for repair (MTPWR): it is the proportion of aircrafts missing the tasks due to waiting for repair.
(7) Scheduled completion proportion (SCP): it is the proportion of completed number in the planned number of aircrafts.
(8) Pilot utilization rate (PUR): it is the average utilization rate of the pilots per day.
(9) Plan implementation probability per aircraft (PIPA): it is the plan implementation probability per aircraft under the certain constraints in a given period of time.
(10) Sortie generation rate per aircraft (SGRA): it is the sortie generation rate per aircraft under the certain constraints.
(11) Preparation time for next sortie (PTNS): it is the preparation time for next sortie under the condition of a certain resource allocation.
(12) Ejection interval (EI): it is the average time for ejecting a single aircraft per catapult.
(13) Take-off outage proportion (TOOP): it is the proportion of canceled number in the ready number of aircrafts. (14) Recovery interval (RI): it is the average time for recovering a single aircraft.
(15) Overshoot proportion (OP): it is the proportion of number of aircrafts failed to recover in the number of aircrafts ready to recover.
Principal Component Reduction Method

Principal Component Reduction
Principle. There are correlations between various indexes for sortie generation capacity of carrier aircrafts, which will bring repetitive information. The independent indexes can be obtained from related indexes using principal component reduction method. This method can minimize the information loss after reduction.
Principal component reduction uses dimension reduction techniques to obtain less comprehensive variables instead of the original variables. These comprehensive variables cover the most information of the original variables. Then the objective phenomenon is evaluated by calculating the score of comprehensive principal component.
Steps of Principal Component Reduction.
Steps of principal component reduction are as shown in Figure 2 . Specific steps are as follows.
Step 1 (parameters standardization). Each index is nondimensionalized due to the different dimensions of indexes. The numerical transformation can eliminate the dimensional effect of indexes. -Score method is applied to transform the original matrix
where is the number of scenarios and is the number of indexes:
where is the mean of th index and is the standard deviation of th index.
Step 2 (correlation coefficient matrix ).
where = [ ] × , = 1, and = .
Step 3 (characteristic roots of ). The characteristic roots of can be calculated by
where ( = 1, 2, . . . , ) is the characteristic root, which is the variance of principal component. It denotes the effect of each principal component on the evaluated object.
Step 4 (feature vectors of ). The feature vectors of can be obtained from
where is a real-valued vector of dimensions. is the feature vector of and the coefficient of in the new coordinate system.
Step 5 (contribution of ).
is the information amount of each component in the total information amount, which is the contribution
Step 6 (number of principal components ). If the number of original variables is more, the first principal components are analyzed instead of the original variables and the other variables are ignored. The proportion of the principal components in the original variable information is ( ):
Thus, the number of principal components is determined with a balance between and ( ). On the one hand, the smaller is better. On the other hand, the larger ( ) is better. It will keep enough information with few components in this way. In this study, ( ) ≥ 95%.
Finally, related indexes can be transformed to independent principal components 1 − :
The index system after reduction is shown in Figure 3 .
Principal component f iK Figure 3 : Index system after reduction.
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Catastrophe Progression Evaluation Method
Description of Catastrophe Progression Method.
The index system for sortie generation capacity of carrier aircrafts after reduction is applied to evaluate. The contradiction decomposition of evaluated objects is the first step of catastrophe progression method. Then catastrophe fuzzy membership function is the combination of catastrophe theory and fuzzy mathematics. This method considers the relative importance of evaluation indexes instead of index weight, which reduces the subjectivity and simplifies calculation. In the process of formulating combat scenario, a variety of scenarios are designed due to the influence of various factors. The scenarios are evaluated comprehensively in the process of selecting the optimal scenario. The evaluation process is conducted from the indexes in lower levels to the indexes in upper levels according to catastrophe progression method. Finally, a catastrophe progression between 0 and 1 can be obtained. If the catastrophe progression is bigger, the scenario is better.
Steps of Catastrophe Progression
Method. The steps of catastrophe progression method are as shown in Figure 4 .
Step 1 (type of catastrophe system). The type of catastrophe system is determined by the number of subindexes, which is shown in Table 1 .
In Table 1 , ( ) is the potential function of . , , , and are subindexes, which are sorted from high importance to low importance.
Step 2 (unitary formula). The critical points of potential function ( ) gather to a balance surface based on catastrophe theory, which can be obtained from the first-order derivative of ( ): The singular points of potential function ( ) can be obtained by the second-order derivative:
The unitary formula can be derived from bifurcation set, which will transform different states of subindex to the same state.
(1) Bifurcation set equations of sharp point system are
Then the normalization formula can be derived from
where is the value of corresponding . is the value of corresponding .
(2) Bifurcation set equations of dovetail system are
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Then the normalization formula can be derived from 
Normalization formula is a multidimensional fuzzy membership function.
Step 3 (comprehensive evaluation with normalization formula). The ideal strategy is obtained from (16) , when the fuzzy targets are 1 , 2 , . . . , in the same scenario
The membership function is
where ( ) is the membership function of . If the indexes are complementary, the membership function is the average value of ( ).
Evaluation for Sortie Generation Capacity of Carrier Aircrafts
Evaluation Samples.
The object of evaluation is the Surge operation of "Nimitz" carrier in 1997. Ten scenarios are selected randomly in order to ensure the scientific nature, which are shown in Tables 2-5. In Tables 2-5 Tables 2-5 are the original data. 
Indexes Reduction. Take the reduction process of index
4 as an example.
Step 1 (standardization). The -Score method is used to standardize indexes, and the results are as shown in Table 6 . In Table 6 , 41 , 42 , 43 , and 44 are standardize indexes. Step 2 (correlation coefficient matrix). One has 
Step 3 (characteristic roots). One has 
Step 4 (feature vectors). One has 
Step 5 (contribution). One has (21)
Step 6 (number of principal components). Let ( ) ≥ 95%; then sort from big to small: 
When = 4, ( ) = 95.24% ≥ 95%.
Step 7 (principal components The comprehensive scoring model can be obtained from (23) and (24) 
The weights of indexes are shown in Figure 5 according to (25) . In Figure 5 , the horizontal axis is the evaluated index and the vertical axis is the weight of index. Figure 5 shows that the most important subindexes are the pilot utilization rate and scheduled completion proportion, the weights of which are greater than weights of other indexes.
Catastrophe Progression Evaluation.
The index system after reduction is shown in Figure 6 .
The steps of catastrophe progression evaluation are as follows.
Step 1 (normalization). Take the principal components 11 , 12 , and 13 of index 1 as the example. The results are shown in Table 7 . In Table 7 , 11 , 12 , and 13 are normalization of principal components.
Step 2 (calculate evaluation value). The evaluation values of catastrophe progression for indexes 1 , 2 , 3 , and 4 are calculated. The number of subindexes for indexes 1 and 2 is three; then the type of catastrophe is dovetail type. The number of subindexes for indexes 3 and 4 is four; then the type of catastrophe is butterfly type. Thus the evaluation values are shown in Table 8 . In Table 8 , 1 is sortie generation rate capacity, 2 is availability capacity, 3 is tasks completion capacity, and 4 is support, ejection, and recovery capacity. The data in Table 8 are the evaluation values of the above four indexes.
Step 3 (calculate evaluation value of ). The number of subindexes for index is four; then the type of catastrophe is butterfly type. The evaluation results of 10 scenarios are shown in Table 9 . is sortie generation capacity. The data in Table 9 are the evaluation values of sortie generation capacity.
Analysis of Evaluation Results.
The evaluation results of the proposed method are compared with that of AHP, in order to verify the usefulness of the proposed method. The comparison is shown in Figure 7 and the deviations of evaluation results are shown in Figure 8 . In Figure 7 , the horizontal axis is the evaluated scenario and the vertical axis is the evaluation value. In Figure 8 , the horizontal axis is the evaluated scenario and the vertical axis is the deviation of proposed method and AHP. Figure 7 shows that that evaluation results of two methods are similar. Figure 8 shows the deviations of evaluation results, and the maximum absolute value of deviation is less than 0.05, which verifies usefulness and reliability of the principal component reduction and catastrophe progression evaluation method. The proposed method can evaluate scenarios more objectively. Figure 6 : Index system after reduction. Therefore, the selected 10 scenarios can be sorted according to the comprehensive evaluation results, which is shown in Figure 9 . In Figure 9 , the horizontal axis is the evaluated scenario and the vertical axis is the evaluation value.
The Figure 9 shows that the best scenario is scenario 4. Its comprehensive evaluation value is 0.9719. And the worst scenario is scenario 5. Its comprehensive evaluation value is 0.6233. The best scenario can be elected from the selected scenarios. Thus, the evaluation method will help decisionmaker to draw up a plan.
Therefore, the principal component reduction and catastrophe progression evaluation method can analyze the importance of indexes for sortie generation capacity and sort the selected scenarios objectively and reliably.
Conclusions
This study proposes a new comprehensive evaluation method based on principal component reduction and catastrophe progression method. First of all, the index system of sortie generation capacity is ascertained in Figure 1 and Tables 2-5 Table 6 . This method eliminates the effect of correlativity among indexes. The principal components are determined with their contributions. Then the reduced principal components are evaluated in catastrophe progression method in Figures 3 and 4 and Table 1 . This method is easy to realize without weights, which is more objective. In fact, catastrophe progression method is a multidimensional fuzzy membership function, which is suitable for the incompatible multiobjective evaluation. Thus, a two-level evaluation method for sortie generation capacity of carrier aircrafts is realized with principal component reduction and catastrophe progression method. The principal component reduction and catastrophe progression evaluation method can analyze the importance of indexes for sortie generation capacity and sort the selected scenarios objectively and reliably in Figures 7-9 and Tables 7-9. At the same time, the proposed method is suitable for other evaluated objects. M e m b e r s h i pf u n c t i o n .
